Deforestation in peatland areas such as Kalimantan, Indonesia has been going on for decades. The deforestation has indirectly increased peatlands to become degraded and flammable. The Synthetic Aperture Radar (SAR) interferometry approach for identification of degraded peatlands can be performed using ALOS-2 PALSAR-2 data by converting land deformation data generated from SAR interferometry analysis into water table (WT) depth data using Wosten models. Peatlands with WT depth conditions of more than 40 cm are classified as degraded peatlands which are flammable. By using fire data from previous studies, this research confirms that identification of degraded peatlands using SAR interferometry approach by ALOS-2 PALSAR-2 is more reliable with high precision related to forest fires, with a precision level of 88% compared to 5% precision level using the WT depth monitoring system that has been installed in Central Kalimantan. The highest wavelength of ALOS-2 PALSAR-2 (L-Band) data can resolve the limitation due to temporal and volumetric decorrelation, compared to C-Band and X-Band satellite data. The combination methods of SAR interferometry approach and the real-time WT depth monitoring system to identify degraded peatlands can be more efficient, faster, and accurate. The advantage of this research result shows that SAR interferometry analysis can reach blank spot areas that are not covered by the observation station of WT depth monitoring system. It also gives a benefit as a guide to select precise locations of observation stations related to degraded peatland and forest fire.
Introduction
Approximately 12 percent or around 14.9 million hectares of Indonesia's landmass are peatland areas, most of which are in Sumatra, about 7.1 million hectares, Kalimantan 6.5 million hectares and others in Papua region [1] . Peatland ecosystem areas are vulnerable due to anthropogenic activities such as drainage, conversion for agriculture, burning, and extraction for fuel and agriculture [2] . For the last two decades, human activities have rapidly increased and caused persistent environmental change [3, 4] . The activities of drainage and forest clearing threaten peatland stability and make them susceptible to fire [4] . People also cleared peatland areas with the most extensive cleared peatlands found in Riau (≈450,000 ha), Central Kalimantan (≈400,000 ha), and South Sumatra (≈320,000 ha) [5] . Data from 13 stations of real-time WT depth monitoring system, namely SIPALAGA provided by Peatland Restoration Agency (BRG) and the Agency for The Assessment and Application of Technology (BPPT) Indonesia were used. These stations are located in the Pulang Pisau and Kapuas Regency area, in South Kalimantan. The sensor was able to send data on the water table, soil moisture, and rainfall every hour for 24 h non-stop. The picture of real-time WT depth station in the field is shown in Figure 1 .
The forest fire data as a result of previous research [25] and forest fire data of 2015 from the Indonesian Center for Agricultural Land Resources (BBSDLP), Ministry of Agriculture is used for validation and comparison.
Geosciences 2019, 9, x FOR PEER REVIEW  3 of 15 This research is a novel approach to identify degraded peatlands by using SAR Interferometry ALOS-2 PALSAR-2 and measurement of non-stop WT depth data in the field. It contributes to the utilization of synthetic aperture radar data for mapping degraded peatland areas to prevent forest fires and furthermore peatlands management.
Materials and Methods

Materials
A pair of ALOS-2 data in Single Look Complex (SLC) format, acquired on 25 February 2016 and 28 February 2018 obtained from JAXA (Japan Aerospace Exploration Agency), Japan, were used in this research. Details specifications of the data are shown in Table 1 . Data from 13 stations of real-time WT depth monitoring system, namely SIPALAGA provided by Peatland Restoration Agency (BRG) and the Agency for The Assessment and Application of Technology (BPPT) Indonesia were used. These stations are located in the Pulang Pisau and Kapuas Regency area, in South Kalimantan. The sensor was able to send data on the water table, soil moisture, and rainfall every hour for 24 h non-stop. The picture of real-time WT depth station in the field is shown in Figure 1 .
The forest fire data as a result of previous research [25] and forest fire data of 2015 from the Indonesian Center for Agricultural Land Resources (BBSDLP), Ministry of Agriculture is used for validation and comparison. 
Methods
The research method started from the SAR interferometry analysis and then continued with the implementation of the Wosten model [18] to obtain the WT depth distribution map. Based on the WT depth condition, depths of more than 40 cm are classified as degraded peatland areas, based on scientific reports [18] [19] [20] [21] [22] [23] [24] and Indonesian regulations [20, 21] . Subsequently, a degraded/undegraded peatland map is created based on InSAR and WT depth monitoring system. These results were then compared using previous peatland fire data with overlay techniques.
Regarding SAR interferometry analysis as shown in Figure 2 , the first step was to input SLC using a pair of ALOS-2 PALSAR-2 data, Central Kalimantan, which were recorded on 25 February 2016 and 28 February 2018. The next step was to select the HH polarization data and orbit set. Thus, co-registration, the alignments of SAR images from two antennas, is an essential step for the accurate determination of phase difference and for noise reduction [26] . In this step, we selected fine co-registration for subpixel accuracy, including searching for subpixel tie points, fitting transformation equations, and resampling the slave image. Thus, amplitude stability index was computed by using Equation (1) [27] .
where σ A is the standard deviation and m A is mean value of the amplitude. Then, the complex coherence or the normalized complex correlation was estimated using Equation (2) [28] .
where Img i and Img k are the complex pixel values of two SAR images and the angular brackets denote ensemble averaging. High coherence indicates the high precision of the phase. The comprehensive flowchart of this research is described in Figure 2 below.
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The comprehensive flowchart of this research is described in Figure 2 below. Acquisition geometry for interferogram generation shows in Figure 3 [29] where S is the satellite at position i and k. O is the reference point and P is the target under examination. P is located at distance ∆x w.r.t O and at height ∆h. The master of slant range is indicated as r.
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Based on Equation 3, therefore, the relative interferometric phase can be expressed as in Equation 4 :
Since |OP|n is the projection of OP onto the direction normal of r, then it further decomposed to slant range ( ) and height component ( ), thus the relative interferometric phase is total of flat terrain added with topographic (height) phase, where these terms were expressed in Equation (5).
The next step is called interferogram flattening. The flat terrain phase term was removed because there was no useful information due to availability of orbital data to simulate it. Then, the ambiguity height Δha, the height that generated a phase rotation was equal to 2 , was calculated using Equation (6):
The ambiguity height occurred because all analysis processes were calculated based on trigonometric functions and complex numbers. Integration of all fringes in the flattened interferogram would lead to the estimation of topography.
The next step was to generate the differential interferometry phase based on the equation to remove flat terrain and the topographic phase, and can be expressed as in Equation (7):
This technique is called differential SAR interferometry (DInSAR). It is a powerful tool for detecting surface changes. [29] The relative of interferometric was thus calculated using Equation (3)
Based on Equation (3), therefore, the relative interferometric phase can be expressed as in Equation (4):
Since |OP| n is the projection of OP onto the direction normal of r, then it further decomposed to slant range ( ∆r tan θ ) and height component ( ∆h sin θ ), thus the relative interferometric phase is total of flat terrain added with topographic (height) phase, where these terms were expressed in Equation (5).
The next step is called interferogram flattening. The flat terrain phase term was removed because there was no useful information due to availability of orbital data to simulate it. Then, the ambiguity height ∆h a , the height that generated a phase rotation was equal to 2π, was calculated using Equation (6):
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After this, Goldstein filtering 5 × 5 was employed, then phase ambiguities were solved by using unwrapping. The operation of integration of phase fringes is called phase unwrapping as shown in Equation (8) [30] .
WT depth based on simulation was then calculated based on Wosten model [31] . The area with WT depth more than −40 (subsidence 1.6 cm/year) is classified as degraded peatland area following the equation below:
where S is annual rates subsidence (cm/year) and WT depth is water table depth (cm) of the tropical peatland area.
Location
The research location is in peatland areas on the southern part of Palangkaraya City, in Pulang Pisau and Kapuas Regency, Central Kalimantan, Indonesia (Figure 4 ).
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Results
Degraded Peatland Areas Based on Synthetic Aperture Radar (SAR) Interferometry
Based on SAR interferometry analysis, using ALOS-2 PALSAR-2 data acquired in February 2016 and February 2018 as an input, a coherence interferogram map was obtained. The coherence interferogram map is the result of cross-correlation between two pairs of images. Regarding the results of the analysis process as shown in Figure 6a , the interferogram could not be generated on the entire image due to large temporal correlation. Temporal decorrelation is usually caused by the dynamics of vegetation cover on peatlands.
The image of the interferogram was produced from two synthetic aperture radar images, especially in the coherence area. With a small normal baseline of −83 and ambiguity of −645, the expected interfaces produced are accurate. Based on the interferogram image, flattening, dem removal, and unwrap are done, and the final result is the land deformation map. 
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Results
Degraded Peatland Areas Based on Synthetic Aperture Radar (SAR) Interferometry
The image of the interferogram was produced from two synthetic aperture radar images, especially in the coherence area. With a small normal baseline of −83 and ambiguity of −645, the expected interfaces produced are accurate. Based on the interferogram image, flattening, dem removal, and unwrap are done, and the final result is the land deformation map. In Figure 6c it can be seen that, in most of the research areas which constitute peatlands, land deformation has occurred. This research was conducted in two contiguous district areas, namely Pulang Pisau Regency and Kapuas Regency, in which peatlands dominated these locations. Map of degraded and non-degraded peatlands from study sites can be seen in Figure 7 . Degraded peatland maps have been developing on an annual basis, according to the Wosten model which is used as a basis for calculations based on the results of the land deformation analysis using the SAR interferometry approach. It can also be seen that peatlands within the scope of this study belong to degraded areas. There are only small areas near the Sebangau river and some areas to the north, where the condition of peatlands is not degraded.
Degraded Peatland Areas Based on Real-Time Water Table Depth Monitoring.
This research also employed data from 13 real-time stations of water table (WT) depth monitoring system, that were developed by the Indonesian Peatland Restoration Agency (BRG), and SIPALAGA, including the location of stations, namely Pilang 1, Pilang 2, Jabiren 1, Jabiren 2, Saka Kajang, Henda 1, Henda 2, Garung, Kalawa, Buntoi, Anjir Kalampan, Sebangau Jaya, Medura Sebangau.
Only one station is included in the Kapuas Regency area, namely Anjir Kalampan Station, while 12 other stations are included in the Pulang Pisau Regency area. Complete information regarding the real-time position of the WT depth monitoring system can be seen in Table 2 . Degraded peatlands are characterized by WT depth conditions below 40 cm. The image of the interferogram was produced from two synthetic aperture radar images, especially in the coherence area. With a small normal baseline of −83 and ambiguity of −645, the expected interfaces produced are accurate. Based on the interferogram image, flattening, dem removal, and unwrap are done, and the final result is the land deformation map.
In Figure 6c it can be seen that, in most of the research areas which constitute peatlands, land deformation has occurred. This research was conducted in two contiguous district areas, namely Pulang Pisau Regency and Kapuas Regency, in which peatlands dominated these locations. Map of degraded and non-degraded peatlands from study sites can be seen in Figure 7 . Degraded peatland maps have been developing on an annual basis, according to the Wosten model which is used as a basis for calculations based on the results of the land deformation analysis using the SAR interferometry approach. It can also be seen that peatlands within the scope of this study belong to degraded areas. There are only small areas near the Sebangau river and some areas to the north, where the condition of peatlands is not degraded.
Degraded Peatland Areas Based on Real-Time Water Table Depth Monitoring
Only one station is included in the Kapuas Regency area, namely Anjir Kalampan Station, while 12 other stations are included in the Pulang Pisau Regency area. Complete information regarding the real-time position of the WT depth monitoring system can be seen in Table 2 . Degraded peatlands are characterized by WT depth conditions below 40 cm.
The station's real-time WT depth monitoring system sends data to the read-down station once every hour for 24 hours. The data used in this study are the results of measurements from January to July 2019. The station's real-time WT depth monitoring system sends data to the read-down station once every hour for 24 hours. The data used in this study are the results of measurements from January to July 2019. As shown in Figure 7 , from Pilang Station 1, it is found that the water table condition was less than 40 cm, starting in June, as well as data from Pilang 2 station. Based on data from Jabiren 1 station, the WT depth condition was also very dynamic and declined in July. At Jabiren 2 station, the WT depth decrease to below 40 cm occurred in early February and continued to deteriorate until July. At Saka Kajang Station, the decrease of WT depth to below 40 cm began in April, although the dynamics were quite high, and the fall was approaching in July.
At Henda 1 station, even the condition of the WT depth had been deficient starting in January of minus 1.7 m and continued below 40 cm until July. At Henda Station 2, the decrease below 40 cm were also detected in the beginning of January, although not as significant as at Henda Station 1, but the terms also continued to decline until July. At Garung station, the decline of WT depth started in July. At Kalawa Station, the WT depth decrease began from January and slightly increased until April, but then continued to decline until July. A similar pattern also occurred in Buntoi station.
Anjir Kalampan Station is the only station within the Kapuas Regency area in this research, where the WT depth condition was less than 1 m starting in January and continuing to decline to 1.6 m in July. At Sebangau Jaya Station, the WT depth dropped below 1 m starting from January and the As shown in Figure 7 , from Pilang Station 1, it is found that the water table condition was less than 40 cm, starting in June, as well as data from Pilang 2 station. Based on data from Jabiren 1 station, the WT depth condition was also very dynamic and declined in July. At Jabiren 2 station, the WT depth decrease to below 40 cm occurred in early February and continued to deteriorate until July. At Saka Kajang Station, the decrease of WT depth to below 40 cm began in April, although the dynamics were quite high, and the fall was approaching in July.
Anjir Kalampan Station is the only station within the Kapuas Regency area in this research, where the WT depth condition was less than 1 m starting in January and continuing to decline to 1.6 m in July. At Sebangau Jaya Station, the WT depth dropped below 1 m starting from January and the condition continued to deteriorate until July at 2.5 m below ground level. Similarly, at the Medura station, the WT depth decrease from 70 cm occurred in January and fluctuations worsened until July, at 90 cm below the surface of the peatlands.
Based on WT depth data in various stations, it can be assumed that overall peatlands in this research area are degraded.
Discussion
This research has used ALOS-2 PALSAR-2 data with L-Band waves, which is the longest wave currently for satellite-based radar sensors, which is very beneficial related to the issue of coherence, because the L-Band sensor is usually better than C-Band, and X-Band [34] . However, based on the SAR interferometry analysis, as explained earlier in Section 3.1, it appears that not all areas in this research are experiencing land deformation because of the decorrelation phenomenon. Decorrelation can be divided into four components: Geometric, volumetric, temporal, and thermal decorrelation [35] . Respectively geometric and volumetric decorrelation are also called spatial decorrelation, and also known as baseline decorrelation [36] [37] [38] . Geometric decorrelation occurs when sensor positions are different during acquisitions. Volumetric decorrelation occurs because of volume scattering, an example in the forest area. Temporal decorrelation occurred because of variation of dielectric and structural properties of the scattered [36] , and thermal decorrelation is determined by the thermal noise of the interferometric instrument [36, 37] .
Based on Figures 6 and 8 , land cover and land use of the areas dominated by vegetation, which is a very dense forest in the western area, and many plantation locations are in the eastern area. Therefore, volumetric decorrelation leads to the incoherent condition in many areas. In addition, the difference in data acquisition time for two years from February 2016 to 2018, is the cause of the temporal decorrelation.
Despite the limitations due to decorrelation, SAR interferometry is able to identify land deformation conditions in peatlands very well. Then, by using the Wosten model [18] and the assumption that WT depth over 40 cm is categorized as a degraded peatland area [19] , an overlay between the degraded peatland data and the forest fire data from BBSDLP and previous research [25] was done as shown in Figure 8 . From this analysis it can be seen that the precision level of identification of degraded peatland areas with SAR interferometry when assessed with forest fire data is 88% as shown in Table 3 , which means it is very precise.
Based on all graph series that are shown in Figure 7 , almost all observation points of the water table depth in the dry season show the condition of the water table depth of more than 40 cm. This means that the peatlands have been degraded and become high risk because of the potential to burn. From the simulation results, the water table depth at Jabiren 1 and 2 stations is 56.25 cm so that it is classified into a degraded peat zone, while from the results of water table depth measurements, this condition began from July 2019. Under these conditions, it can be understood if in September 2019, at the time of this writing, peatland fires also occurred in the district area of Pulang Pisau [39] , especially in the Jabiren area [40] . However, the overlapping map between WT depth stations site and the location of the forest fire, show that only at two stations (Jabiren 1 and 2) forest fires were detected. Therefore, the precision level of degraded peatland identification related to forest fire by using WT depth monitoring system installed in Central Kalimantan is 5%.
Based on the discussion above, identification of degraded peatland areas related to forest fire using the SAR interferometry approach is a more precise compared to the WT depth monitoring system, which is 88% compared to 5%, respectively. This is likely due to the tendency that forest fires on peatlands usually occur in open areas [31] that are easily detected using the SAR interferometry approach [35] and probably installed WT depth stations mostly located in the vegetation area. Based on all graph series that are shown in Figure 7 , almost all observation points of the water table depth in the dry season show the condition of the water table depth of more than 40 cm. This means that the peatlands have been degraded and become high risk because of the potential to burn. Although SAR interferometry using ALOS-2 PALSAR-2 can map degraded peatlands efficiently and accurately, the weakness of this approach is the detailed time unit because it was developed on the basis of an annual unit analysis. Therefore, this method still requires in situ field measurement. Consequently, in order to obtain comprehensive and complementary results in monitoring degraded peatland areas, a combination of the two approaches of SAR interferometry and the installation of a real-time WT depth monitoring system is recommended. : Detected N/A: Not Available.
Conclusions
Application of SAR interferometry using ALOS-2 PALSAR-2 data to identify degraded peatlands give 88% precision level when associated with forest fire. This result is more accurate compared to 5% precision level using the WT depth monitoring system installed in Central Kalimantan due to spatial lacking. However, the use of the SAR interferometry approach has limitations related to the volumetric and temporal decorrelation problem and time detail. Therefore, combining SAR interferometry using ALOS-2 PALSAR-2 data and real-time WT depth monitoring system is the best way to identify degraded peatlands in Indonesia related to forest fire. We give a recommendation that determining the points of the WT depth monitoring system station should consider the results of SAR interferometry, because it can be maximized on peatlands monitoring that are degraded and susceptible to burn. This research also can be used as a reference for the government of the Republic of Indonesia to pay attention to these degraded areas, in order to prevent forest fires.
